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Overview

1.0 INTRODUCTION

The increased demand for communication, multimedia, and other consumer products has
created the need for high-volume, low-cost, multifunction DSP-based products that can
use fast Fourier transforms (FFTs) for their signal processing or data manipulation. This
book is the first to cover FFTs from algorithms to product testing, with the information
needed to create and convert to code FFT algorithms of any length on 10 different archi-
tectures. It uses a building-block approach for constructing the algorithms. Included are
recommended Memory Maps to streamline assembly and high-level language coding of 17
small-point FFTs, four general algorithms, and seven FFT algorithm examples. To ensure
that the algorithms work properly, a test approach for the detection and isolation of errors,
refined over many years of time consuming searches for mistakes in FFT algorithms, is
detailed.

Spreadsheet-style comparison matrices provide easy to use inventories of the com-
prehensive array of key FFT elements and performance measures. Dozens of digital signal
processing (DSP) chips and criteria for selecting DSP boards are covered. Four design
examples at the end of the book show how to apply most of what has been explained.

1.1 LAYING THE FOUNDATION

Chapters 2 and 3 provide the technical foundation and mathematical equations for the al-
gorithms in Chapters 8 and 9. The discrete Fourier transform (DFT) is an equation for
converting time domain data into its frequency components. The DFT equation is imple-
mented with FFT algorithms because they are computationally efficient Ways of calculating
it. All the properties and strengths of the DFT are shared by the wide variety of FFTs that
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have been developed over the years. However, only three of the five weaknesses of the DFT
are also weaknesses of FFT algorithms.

In the beginning of the design process, comparison of the uses and properties of the
DFT with the technical specifications of the application will determine if the DFT is a good
match. If so, then it makes sense to examine the FFT algorithms, hardware architectures,
arithmetic formats, and mappings in this book to decide which combination is best for a
specific design.

1.2 DESIGN DECISIONS

The decisions listed are the ones related to real-time FFT selection and implementation.
They are listed in an order which differs from the sequence of the chapters, because learning
the facts happens more easily in an order that is different from applying them.

• Choosing the number of dimensions (Chapters 5-7)
• Picking a type of processing (Chapters 5-7)
• Selecting the arithmetic format (Chapter 13)

• Deciding on a weighting function (Chapter 4)

• Determining the transform length (Chapter 5)
• Selecting algorithm building blocks (Chapter 8)

• Constructing the algorithm (Chapter 9)
• Choosing a chip (Chapter 14)
• Selecting the architecture (Chapters 10 and 11)

• Mapping the algorithm onto the architecture (Chapter 12)

• Selecting an off-the-shelf board (Chapter 15)
• Creating the test signal and procedures (Chapter 16)

1.2.1 Number of Dimensions

All multidimensional FFTs are done as a sequence of one-dimensional FFTs. The
importance of knowing how many dimensions (one, two, or three, usually) there are de-
termines how many FFTs will be needed and how the data must be organized to do the
multiple dimensions. This will affect chip processing load and the choice of architec-
ture.

1.2.2 Type of Processing

The type of processing (frequency analysis, convolution, or correlation) will also
affect the chip processing load. Frequency analysis requires one FFT for every group of
samples, while the other two types require an FFT and an inverse FFT for every group
of samples.

1.2.3 Arithmetic Format

The choice of fixed-point, floating-point, or block-floating-point arithmetic format
will affect the numerical accuracy of the results. Fixed-point DSP chips were the first
available and are generally less expensive than floating-point, because this arithmetic takes
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less silicon area. Floating-point has grown in popularity as semiconductor manufacturers
advanced to smaller micron wafers and high-level language compilers became available.
Block-floating-point is a compromise approach that provides better accuracy than fixed-
point and takes less silicon area than floating-point. It is only available in chips designed
specifically for computing FFTs.

1.2.4 Weighting Functions

The selection of one of more than a dozen weighting functions will affect frequency
location accuracy while controlling sidelobe effects. They also modify coherent gain,
bandwidth, and frequency straddle loss. The selection depends on what combination of
these effects matters most in an application.

1.2.5 Transform Length

Choosing a transform length closest to the number of data points to be analyzed will
improve the accuracy of the computation, thereby improving frequency accuracy. The size
of the transform will directly affect frequency resolution, memory requirements, and the
speed at which the computation can be done. A unique feature of this book is the choice of
more than one algorithm to compute an FFT of any length.

1.2.6 Algorithm Building Blocks

The algorithm building blocks used will affect the computational load the algorithm
requires and the complexity of code to implement that algorithm. This chapter provides 17
small-point transform algorithms for constructing larger algorithms. The choice depends
on whether computational load or code complexity is the deciding factor in a specific
design.

1.2.7 Algorithm Construction

The way in which the algorithm building blocks are connected to create a larger al-
gorithm will affect the complexity and amount of the code needed to implement it. This
chapter details the Bluestein, Winograd, prime factor, and mixed-radix methods for assem-
bling small-point transforms into larger algorithms.

1.2.8 DSP Chips

The selection of which Harvard architecture DSP chip to actually compute the algo-
rithm is determined by the cost and speed considerations of the application, the number
of chips needed, a suitable architecture (for multiple-processor designs), and available pe-
ripheral hardware to handle some of the functions. This chapter covers the FFT-related
features of 51 fixed-point DSP chips, including ASIC and multiple-processor chips, 13
floating-point DSP chips, and 6 dedicated FFT chips.

1.2.9 Architectures

Bit-slice, arithmetic chips were used to construct FFT applications prior to the in-
troduction of DSP chips. However, advances in silicon technology have replaced bit-slice
building blocks with DSP chips that include a complete fixed- or floating-point multiplier
and adder, as well as memory and program control logic.
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All of the DSP chips in this book use a Harvard architecture for interconnecting
these elements. FFT-specific chips interconnect several arithmetic building blocks into a
small-point FFT to increase performance. Multiprocessor interconnections (pipeline, linear
bus, ring bus, crossbar, two- and three-dimensional massively parallel, star, hypercube, and
hybrid architectures) of DSP chips are used when a single chip is not adequate. In fact, up to
four Harvard processors are now available on a single chip (SPROC 1000 and TMS320C80
families). Chapter 10 describes bit slice, integrated arithmetic and FFT-specific hardware
building blocks. Then Chapter 11 shows how to use them in single and multiprocessor
architectures. These two chapters prepare the reader for mapping the algorithms in Chapter 9
onto these architectures.

1.2.10 Mapping Algorithms onto Architectures

How an algorithm is mapped onto the chosen architecture will affect the throughput
(how many FFTs per second) and the latency (the delay between input and output) of that
algorithm. This chapter explains how to map FFT algorithms onto single and multiprocessor
architectures to attain either maximum throughput or minimum latency performance.

1.2.11 Board Decisions and Selection

A commercial, off-the-shelf (COTS) board can reduce the time and cost of getting
to market with a board-level FFT product. With several dozen manufacturers selling a
wide variety of DSP boards suitable for doing FFTs, board selection is a complex deci-
sion. Whether the chip selection process has narrowed the choice to a chip or to multiple
acceptable chips, the following five areas cover the main issues of choosing or developing
a board:

1. Algorithm performance
2. I/O Performance
3. Architecture

4. Software support
5. Expansion capability

1.2.12 Test Signals and Procedures

The design process can bog down in algorithm development and conversion to code
if there are no easy ways to detect and isolate errors. Having an efficient set of test signals
to use as inputs to an FFT algorithm or its code allows quick detection and precise isolation
of errors. In combination with these signals, flow graphs of the algorithm and code are
needed to trace an error back to its source. The same signals can be used to do end-product
and built-in testing.

1.3 TYPES OF EXAMPLES

The extensive use of examples is one of the unique features of the book. In addition to the
four design examples in Chapter 17, six kinds of algorithm examples are used to demonstrate
the wide array of concepts and facts the book contains. The particular lengths were chosen
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because they are large enough to show the pattern of an algorithm yet small enough to easily
follow.

1.3.1 Eight-Point DFT to FFT Example

Section 3.3 explains that all of the FFT algorithms presented in this book are based
on ways to remove redundant computations from the DFT equations without changing the
final result of the equations. While deriving an ITT algorithm from its DFT origins is a
theoretical process, using an example is a practical way of seeing the principle.

1.3.2 Algorithm Steps and Memory Maps

Sections 8.3 through 8.10 contain 17 examples of building-block algorithms that are
most likely to be used to construct larger algorithms. These are the most efficient small-
point transforms to implement. For each example every arithmetic operation (Algorithm
Step) is given, with a memory address (Memory Map) beside it, for the results. Instructions
are given for converting these small-point transforms into code. This coding can be in
any of the chip vendors' assembly languages or in a high-level language. To convert to
assembly language, both the Algorithm Steps and their companion Memory Map will be
needed. Conversion to high-level languages, such as versions of C or FORTRAN, only
require use of the Algorithms Steps.

1.3.3 Fifteen-Point or 16-Point FFT Algorithm Examples

In Chapter 9 seven 15-point or 16-point FFT algorithm examples, using the building
blocks from Chapter 8, show how to implement the general types of FFT algorithms. A
technique for relabeling Memory Maps from Chapter 8 is given and illustrated in these
examples. Power-of-two and non-power-of-two examples are used to illustrate the range
of algorithms that cover computing any transform length.

1.3.4 Sixteen-Point Radix-4 FFT Algorithm Examples

In Chapter 12 a 16-point, radix-4 FFT algorithm is used in one single-processor
and nine multiprocessor examples. Maximum throughput and minimum latency examples
are done for mapping the algorithm and its data, for a total of 20 examples. A 16-point
example is used because it is a typical power-of-two length and familiar from Chapter
9. The reader is given all the input, intermediate, and output steps needed to code the
algorithm.

1.3.5 Four-Point FFT and 16-Point Radix-4 FFT Algorithm
Examples

In Chapter 16 the 4-point FFT (a small-point building-block algorithm in Chapter 8)
and 16-point, radix-4 FFT examples are used again to explain how to detect and isolate
errors in FFT algorithm development, code development and debugging, and end-product
operation. Flow graphs are used to show how to track an error through an algorithm.
Equations show how to verify Algorithm Step accuracy. Algorithm Steps and Memory
Maps are used with test signals to show how the results are altered by an error in an
algorithm. The altered results illustrate how to isolate a detected error.




